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Abstract 
Ag nanoparticles developed by inert gas aggregation were deposited on silicon and quartz substrates. The samples 
were annealed under high vacuum at 200C. The influence of annealing time-length on the average size and size 
dispersion was examined by field emission scanning electron microscopy and UV-visible absorption spectra. The 
results showed that the average size of the nanoparticles decreased continuously for annealing time up to 6mins 
followed by a more tight size distribution. After further annealing the average size increased again approaching the 
average size of the nanoparticles in the non-annealed sample. The samples prepared were tested as substrates for 
SERS of R6G molecules adsorbed on the Ag nanoparticles. It was found that the characteristic 612cm-1 rhodamine 
peak followed the variation of the average nanoparticle size. 
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1. Introduction 
Surface enhanced Raman scattering (SERS) of organic molecules adsorbed on Ag nanoparticle 
substrates is a suitable technique for detecting minimal quantities of biomolecules and single molecule 
detection [1]. The design of reliable sensors based on the optical properties of Ag nanoparticles requires 
good control of the size, density, shape and crystallinity of the silver nanoparticles [2]. Inert gas 
aggregation (IGA) is a physical method for producing metallic nanoparticles [3]. Recent publications 
have reported on the controllability of the size and shape of Ag nanoparticles [4] as well as self assembly 
of Nickel nanoparticles [3]. The research conducted examined the influence of low temperature (200oC) 
annealing in vacuum, on the average size and size dispersion of Ag nanoparticles suitable for the 
fabrication of SERS substrates for organic molecule detection. 
2. Experimental Details 
Silver nanoparticles were deposited on piranha cleaned Si and quartz substrates by IGA method [3,4]. 
DC sputtering was carried out at 280Volts, 0.2Amps and Argon flow rate 60sccm. The samples prepared 
were annealed under high vacuum and cooled down to 50oC before taking them out of the chamber to 
avoid surface reactions and contamination. Annealing time-length was varied between 0 and 27mins in 
steps of 3mins. Images of the nanoparticles were obtained using a field emission scanning microscope 
(FESEM). SERS spectroscopy measurements, were carried out in a micro-Raman configuration. The 
samples were immersed, for 12 hours, in methanol solution of rhodamine (R6G), with molarity of 10-4M, 
and then dried in air, for a few minutes. The Raman measurements were taken in ambient conditions with 
the 514.5 nm Ar+ laser line.  
Figure 1: Verical axis= percentage of the nanoparticles 
having radius within a specific range (10-15nm, 15-
20nm etc.) minus percentage of the nanoparticles 
having the same radius in the non-annealed sample. 
The lines are guides to the eye. 
Figure 2: Upper panel: Variation of the absorption peak 
wavelength and FWHM versus annealing time. Lower panel: 
Variation of the absorption peak intensity and nanoparticle surface 
density versus annealing time. The lines are guides to the eye. 
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3. Results and Discussion 
For the samples presented here the deposition time was set to 6mins resulting thus in Ag nanoparticles 
of a mean radius of 17nm with a density of 8x1010 cm-2. Figure 1 plots the variation of the nanoparticle 
size distribution versus annealing time. Each graph provides information on the variation of the 
percentage of the nanoparticles falling within a specific range of radii (5-10nm, 10-15nm etc.). For 
example the lower graph shows that after 3mins annealing the percentage of the nanoparticles having 
radii between 5-10nm has increased by 5% relative the non-annealed sample. Comparing the percentage 
variation in the six graphs it is seen that for annealing up to 9mins the bins which correspond to bigger 
nanoparticles are depopulated while those corresponding to smaller ones become more populated. This 
indicates an overall size reduction accompanied by a tighter size distribution. Overall, the mean 
nanoparticle radius decreases continuously for annealing up to 6-9mins accompanied by a narrowing in 
the size distribution. For longer annealing time the average size increases again and the size distribution 
becomes wider.  
Absorption spectra obtained from the non-annealed sample (inset of figure 2) exhibit the widest line 
width and they are red-shifted compared to the annealed ones. The line width of the spectra (upper graph) 
decreases with annealing time-length up to 9min and exhibits a lower local maximum at 18min following 
the general trend recorded after the statistical analysis of the FESEM images. The absorption peak shifts 
towards shorter wavelengths with two small plateaus around 6-9mins and 21-24mins. Finally, the 
absorption intensity follows roughly the variation of the nanoparticle surface density as shown in the 
lower panel of figure 2. 
Figure 3: Left panel, SERS peak intensity of the 612cm-1 peak of R6G from Ag nanoparticles developed on quartz (square symbols) 
and Si (round symbols) versus annealing time. Middle panel: FESEM image of the as-prepared Ag nanoparticles. Right panel, 
average radius of the Ag nanoparticles versus annealing time. 
Among other higher frequency bands, two peaks at 612 cm-1 and 773 cm-1 shown in the inset SERS 
spectra of figure 3, are used as indicative of the SERS intensity. The variation of the 612cm-1 SERS R6G 
peak intensity with sample annealing time is similar for samples developed on Si and quartz substrates 
(fig. 3, left). Moreover, it appears that this variation follows the variation of the mean radius of the 
nanoparticles shown in the right hand panel of figure 4.  
TEM images of nanoparticles obtained after short depositions, 1-3 mins, have shown that the 
individual nanoparticles deposited have an average diameter of 8nm. This implies that the nanoparticles 
detected by FESEM immediately after deposition, are rather composites of smaller nanoparticles rather 
that single ones. Statistical analysis of the FESEM images showed that the average size varied with 
annealing time in cycles of approximately 6mins. Similar results were obtained from the absorption 
200nm 
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spectra but in this case the time length of the periodic variation of the average size and the dispersion was 
found to be approximately equal to 9min. One can interpret the observed variation of the nanoparticle size 
with annealing time, by appealing to a forward and inverse Ostwald ripening mechanism running in 
parallel. Ostwald ripening has been considered as responsible for the increase of the average size of Ag 
nanoparticles after plasma treatment [4] or after remaining in water for long time [5]. 
Digestive ripening is a term used to describe the phenomenon observed in some colloids containing Ag 
nanoparticles when undergoing low temperature thermal annealing [6,7]. During this process a wide 
distribution of nanoparticles reduces its average size and transforms to particles of uniform size ranging 
between 4-5nm. This puzzling behaviour of the nanoparticles has been interpreted by considering the 
effect of the charge of the nanoparticles in the coarsening process [8]. Voorhees and Johnson [9] have 
attributed inverse Ostwald ripening in solid state to elastic strain energy associated with misfitting 
particles.  
4. Conclusions 
The influence of 200oC high vacuum annealing on Ag nanoparticles deposited on Si and quartz 
substrates was examined. Microscopy and absorption measurements revealed that the average size of the 
nanoparticles and the size dispersion varied periodically with annealing time-length, with a period of 6-9 
minutes. The intensity of the 612cm-1 peak of rhodamine adsorbed on the silver nanoparticles was found 
to vary in terms of intensity following the variation of the average nanoparticle size. The size variation of 
the Ag nanoparticles can be attributed to the competition of forward and inverse Ostwald ripening. 
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